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Uric acid, the final oxidation product of purine metabolism, is an established cause of gouty arthritis and kidney stones. Elevated serum uric acid levels may also contribute to the development of hypertension, kidney disease, and cardiovascular disease. The prevalence of hyperuricemia (serum uric acid concentration 7 mg/dL) in the United States is estimated to be 16% (1), while clinically manifest gout affects 1%-4% of the population in Western countries (2, 3) . Uric acid concentrations in men have gradually increased from an average of <3.5 mg/dL in the 1920s to >6.0 mg/dL in the 1970s (4) . Changes in dietary patterns and alcohol intake, increased prevalence of insulin resistance and chronic kidney disease, and use of certain medications such as diuretics and aspirin may partly account for the rising prevalence of hyperuricemia and gout (5) , but the determinants of hyperuricemia in the general population are incompletely understood.
Despite abundant epidemiologic research on hyperuricemia, there have been almost no prospective studies on the incidence and determinants of asymptomatic hyperuricemia. In a 6-year longitudinal study of Japanese male office workers aged 30-54 years, obesity, high blood pressure, high triglyceride levels, and alcohol intake were associated with the development of hyperuricemia (6) , but the sample size of the study did not allow for detailed analysis of dose-response relations. Consequently, our objective in this study was to evaluate the incidence and quantify the determinants of hyperuricemia in a large cohort of male South Korean workers followed for up to 7 years. The large number of incident cases allowed us to obtain precise estimates of and dose-response relations for the association between potential risk factors and the development of incident hyperuricemia.
MATERIALS AND METHODS

Subjects
The study population comprised male workers from one of the largest semiconductor manufacturing companies in South Korea and its 13 affiliates (7, 8) . In South Korea, the Industrial Safety and Health Law requires employees to participate in annual or biennial health examinations. The present cohort included all male workers aged 30-59 years from the above-mentioned semiconductor companies who participated in a comprehensive health examination at the Kangbuk Samsung Hospital in Seoul, South Korea, in 2002 (n ¼ 15,347). We excluded 27 subjects who had a history of malignancy, 9 subjects with a history of liver cirrhosis, 3,239 subjects with hyperuricemia (serum uric acid concentration 7.0 mg/dL) at baseline, and 6 subjects who were taking medication for hyperuricemia or gout. Because some persons had more than one exclusion criterion, the total number of subjects eligible for the study was 12,080. We further excluded 1,278 subjects (10.6%) who did not engage in any follow-up visits between 2002 and 2009 and thus had no follow-up data. Participants excluded because of lack of follow-up data were on average 0.9 years older and more likely to be current smokers, to be alcohol drinkers, and to have diabetes compared with other participants in the cohort, but they showed no significant difference in terms of other study variables (not shown). The final sample size was 10,802 participants.
This study was approved by the institutional review board of Kangbuk Samsung Hospital. The study was exempted from the informed consent requirement by the institutional review board because we only retrospectively accessed a deidentified database for purposes of analysis.
Measurements
Baseline and follow-up examinations were conducted at the Kangbuk Samsung Hospital Health Screening Center. Study participants were examined annually or biennially until December 2009. The average follow-up period for participants who did not develop hyperuricemia was 5.4 years. During the health examinations, data were collected on medical history, medication use, health-related behaviors, physical measurements, and serum biochemical measurements (8) . Questions pertaining to alcohol intake included weekly frequency of alcohol consumption and usual amount consumed daily. Questionnaire data were also used to identify current smokers and to assess the weekly frequency of moderate-or vigorousintensity physical activity. Body weight was measured with light clothing and without shoes to the nearest 0.1 kg using a digital scale. Height was measured to the nearest 0.1 cm. Body mass index was calculated as weight in kilograms divided by height in meters squared. Trained nurses measured sitting blood pressure with a standard mercury sphygmomanometer.
Blood specimens were sampled from the antecubital vein after more than 12 hours of fasting. Serum levels of glucose, uric acid, total cholesterol, triglycerides, low density lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, gamma-glutamyltransferase (GGT), alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase were measured using Bayer Reagent Packs on an automated chemistry analyzer (Advia 1650 AutoAnalyzer; Bayer Diagnostics, Leverkusen, Germany). Measurement techniques included the hexokinase method for glucose, an enzymatic colorimetric assay for serum lipids, and an immunoradiometric assay for insulin (BioSource, Nivelles, Belgium). Serum uric acid was measured on the basis of the Fossati enzymatic reaction using uricase with a Trinder-like endpoint (Advia 1650 AutoAnalyzer). Insulin resistance was assessed with homeostasis model assessment of insulin resistance (HOMA-IR), according to the following equation: fasting blood insulin (lU/mL) 3 fasting blood glucose (mmol/L)/22.5. High-sensitivity C-reactive protein (hsCRP) was analyzed by means of particle-enhanced immunonephelometry with the BNII System (Dade Behring, Marburg, Germany) using a lower detection limit of 0.175 mg/L. The clinical laboratory used has been accredited and participates annually in inspections and surveys conducted by the Korean Association of Quality Assurance for Clinical Laboratories.
Hyperuricemia was defined as a serum uric acid concentration 7.0 mg/dL or current treatment for hyperuricemia (9) . Metabolic syndrome was defined as the presence of 3 or more Adult Treatment Panel III criteria (10): 1) abdominal obesity; 2) fasting blood glucose level 110 mg/dL; 3) triglyceride level 150 mg/dL; 4) HDL cholesterol level <40 mg/dL; and 5) blood pressure 130/85 mm Hg. Since waist circumference measurements were not available for all subjects, we substituted overall adiposity (i.e., a body mass index 25, which has been proposed as a cutoff for the diagnosis of obesity in Asians (11)) for abdominal obesity. Diabetes was defined as a fasting serum glucose level 126 mg/dL or current use of blood glucose-lowering agents. Estimated glomerular filtration rate (eGFR) was calculated by using the simplified Modification of Diet in Renal Disease Study equation (12) .
Abdominal ultrasonography was performed with a 3.5-MHz transducer (Logic Q700 MR; General Electric, Milwaukee, Wisconsin) by 12 experienced radiologists who were unaware of the aims of the study and were blinded to laboratory values. Images were captured in a standard fashion while the patient lay in the supine position with the right arm raised above the head (8) . An ultrasonographic diagnosis of fatty liver was defined as the presence of a diffuse increase of fine echoes in the liver parenchyma compared with the kidney or spleen parenchyma (13) . Fatty liver was determined by the radiologists using live images.
Statistical analysis
Follow-up extended from the baseline examination to the development of hyperuricemia or the last health examination conducted for each participant. Since we knew that hyperuricemia had arisen between 2 visits but did not know the precise time of hyperuricemia development, we used a parametric Cox model to take into account this type of interval censoring (14) . In these models, the baseline hazard function was parameterized with restricted cubic splines in log time with 4 degrees of freedom. We estimated adjusted hazard ratios for incident hyperuricemia for prespecified potential risk factors measured at the baseline visit (the first visit for each participant). For time-dependent analyses, we used a pooled logistic regression model that closely approximates a Cox model when the risk of outcome between intervals is low (15) .
In addition to age, we considered cigarette smoking (none, ex-smoker, or current smoker), alcohol intake (<10, 10-19.9, or 20 g ethanol/day), regular exercise (none, <1 time per week, or 1 time per week), body mass index (<18.5, 18.5-22.9, 23.0-24.9, or 25.0), glucose category (fasting glucose <100 mg/dL, fasting glucose 100-125 mg/dL, or diabetes), blood pressure category (<120/80, 120/80 and <140/90, or 140/90 mm Hg or medication use), HOMA-IR (quartiles among participants without diabetes), hsCRP (mg/L; quartiles), triglycerides (mg/dL; quartiles), HDL cholesterol (mg/dL; quartiles), eGFR (mL/minute/1.73 m 2 ; quartiles), and GGT (units/L; quartiles). To further explore the shape of the dose-response relation between potential risk factors and hyperuricemia incidence, we used restricted quadratic splines with knots at the 5th, 50th, and 95th percentiles of each determinant distribution. We checked the proportional hazards assumption by examining graphs of estimated log(-log) survival. Statistical analyses were carried out using Stata, version 11.0 (StataCorp LP, College Station, Texas). Parametric Cox models with interval censoring were fitted using the stpm command in Stata. All reported P values are 2-tailed, and those less than 0.05 were considered statistically significant.
RESULTS
At baseline, the mean age of study participants was 37.3 years (standard deviation, 5.0). The prevalences of diabetes, hypertension, and metabolic syndrome were 1.9%, 16.1%, and 11.7%, respectively. In contrast to participants who did not develop hyperuricemia during follow-up, those with incident hyperuricemia were more likely to drink alcohol, to have metabolic syndrome, to have hypertension, to have a higher average body mass index, and to have higher levels of total cholesterol, LDL cholesterol, triglycerides, liver enzymes, hsCRP, and HOMA-IR at baseline ( Table 1 ). The presence of diabetes and high levels of HDL cholesterol and eGFR at baseline were inversely associated with incident hyperuricemia.
During 51,210.6 person-years of follow-up, 2,496 participants developed hyperuricemia. The incidence rate was 48.7 per 1,000 person-years (95% confidence interval (CI): 46.8, 50.7), resulting in a 7-year cumulative incidence of 23.1%. By age, the incidence of hyperuricema was highest among participants aged 40-44 years (Table 2 ). In multivariable Cox models, the hazard ratios for hyperuricemia comparing participants with body mass indices of 18.5-22.9, 23.0-24.9, and 25.0 with those with a body mass index less than 18.5 were 2.00 (95% CI: 1.25, 3.19), 2.84 (95% CI: 1.78, 4.53), and 3.46 (95% CI: 2.17, 5.52), respectively (P-trend < 0.001; Table 3 ). For alcohol intake, the multivariable hazard ratios for hyperuricemia comparing participants with alcohol intakes of 10-19.9 g ethanol/day and 20.0 g ethanol/day with those consuming <10 g ethanol/day were 1.13 (95% CI: 1.03, 1.25) and 1.20 (95% CI: 1.08, 1.34), respectively (P-trend < 0.001). Smoking and regular exercise were not significantly related to incident hyperuricemia. Table 4 shows the risk of incident hyperuricemia according to baseline levels of other metabolic factors. In multivariable models, the hazard ratios for hyperuricemia when participants with prehypertension and hypertension were compared with those with normal blood pressure were 1.02 (95% CI: 0.93, 1.12) and 1.24 (95% CI: 1.10, 1.39), respectively (P-trend 0.001). In contrast, the hazard ratios for hyperuricemia when participants with elevated fasting glucose levels and diabetes were compared with those with normal fasting glucose levels were 0.87 (95% CI: 0.78, 0.98) and 0.47 (95% CI: 0.32, 0.67), respectively (P-trend < 0.001). For other metabolic factors, the multivariable-adjusted hazard ratios comparing the highest quartiles in the distribution with the lowest were 1.14 (95% CI: 1.02, 1.28; P-trend ¼ 0.07) for hsCRP, 0.79 (95% CI: 0.70, 0.89; P-trend < 0.001) for eGFR, 1.47 (95% CI: 1.27, 1.71; P-trend < 0.001) for triglycerides, and 0.83 (95% CI: 0.72, 0.95; P-trend ¼ 0.003) for HDL cholesterol. Total and LDL cholesterol were not significantly related to incident hyperuricemia. After adjustment for age, alcohol intake, and exercise, the hazard ratio for hyperuricemia when participants with the metabolic syndrome at baseline were compared with those without it was 1.41 (95% CI: 1.26, 1.58; P < 0.001). Table 5 shows the risk of incident hyperuricemia by baseline level of liver function and the presence of fatty liver. In multivariable models, the risk of hyperuricemia increased with increasing quartiles of GGT (P-trend < 0.001). Fatty liver at baseline was associated with a significantly increased risk of hyperuricemia (hazard ratio ¼ 1.13, 95% CI: 1.02, 1.25). However, alanine aminotransferase and aspartate aminotransferase levels were not significantly related to the incidence of hyperuricemia.
In multivariate-adjusted spline regression models (Figure 1 ), hyperuricemia was strongly and progressively associated with increasing baseline body mass index, triglyceride levels, and GGT levels and inversely associated with eGFR and glucose levels. For hsCRP, the risk of hyperuricemia increased only at high levels. The findings obtained using time-dependent models were similar to those based on models using baseline data only (Tables 3-5) .
DISCUSSION
In this follow-up study of apparently healthy South Korean men aged 30-59 years, the incidence of hyperuricemia was very high (48.7 per 1,000 person-years, for a 7-year cumulative incidence of 23.1%), and it was strongly predicted by body mass index and a variety of cardiometabolic risk factors, particularly increasing triglyceride levels, and decreasing eGFR and glucose levels. Alcohol intake, increasing GGT concentrations, and the presence of fatty liver were also associated with increasing incidence of hyperuricemia. Our findings indicate that adiposity is a primary determinant of the onset of hyperuricemia in this population.
Other studies have also identified a positive association between body mass index and hyperuricemia (6, (16) (17) (18) (19) , and in one of them, weight gain in adulthood was associated with a higher prevalence of hyperuricemia in middle-aged Chinese men (16) . Furthermore, weight loss has been associated with decreases in plasma uric acid levels (18) , and obesity is a classical risk factor for the occurrence of gout. Increased adiposity is related to hyperuricemia via both increased production and decreased renal excretion of uric acid (20) . Hyperinsulinema is a likely link between adiposity and hyperuricemia, since higher insulin levels reduce renal urate excretion (21, 22) . Indeed, in our study, the incidence of hyperuricemia was associated with markers of insulin resistance (increased triglyceride concentrations and decreased HDL cholesterol concentrations) and with the presence of the metabolic syndrome.
While insulin resistance is associated with a markedly increased incidence of hyperuricemia, the presence of diabetes was a strong negative predictor of hyperuricemia (23) (24) (25) . This effect is probably mediated through the uricosuric effects of glycosuria (24, 25) , and low serum uric acid concentrations have been identified as a marker of poor diabetes control. In our study, participants with impaired fasting glucose levels (fasting serum glucose concentrations 100-126 mg/dL) had a modestly but statistically significantly reduced incidence of hyperuricemia. In contrast to our findings, in a cohort of male civil servants, Herman and Goldbourt (23) found that the prevalence of hyperuricemia was 74% higher in participants who later developed diabetes (prediabetes) compared with normal participants. Consistent with our study, the prevalence of hyperuricemia was substantially reduced in participants with type 2 diabetes. Further characterization of serum uric acid levels in the prediabetes and early diabetes stages is warranted. Alcohol intake, blood pressure, and eGFR-3 wellestablished determinants of serum uric acid levels-were also significant predictors of incident hyperuricemia in our study. The relation between alcohol intake and hyperuricemia has been noted since the early descriptions of gout in the literature (16, 26) . Alcohol intake increases uric acid production (27, 28) by increasing the degradation of adenosine triphosphate to the uric acid precursor adenosine diphosphate (27) , and it decreases urate excretion (29) via conversion of ethanol to lactic acid and competitive inhibition of uric acid secretion by the proximal tubule (20) . In our study, we found a clear dose-response trend of increasing incidence of hyperuricemia with increasing alcohol intake. Given the high frequency of social drinking among male South Korean workers, moderation of alcohol intake may be an important strategy for controlling the risk of hyperuricemia in this population.
While hypertension and hyperuricemia are clearly associated (9, 30, 31) , the direction of the causal effects has been long debated, and it is still unclear whether the increased Table continues risk of hyperuricemia in hypertensive persons with normal renal function is just a reflection of obesity and alcohol intake. Furthermore, some antihypertensive medications may increase serum uric acid concentrations. However, increased renal and systemic vascular resistance leading to reduced renal flow in patients with hypertension may contribute to increasing serum uric acid levels. In addition, renal urate excretion seems inappropriately low relative to glomerular filtration rate in patients with essential hypertension (32) . In our study, participants with hypertension had a higher incidence of hyperuricemia even after adjustment for body mass index, eGFR, and other potential confounders, but participants with prehypertension were not at increased risk of hyperuricemia. These findings are in agreement with those from the longitudinal study of Japanese male office workers (6). Further research is needed to better characterize the role of hypertension in the development of hyperuricemia and the impact of hypertension control on serum uric acid levels. Since uric acid is predominantly cleared by the kidneys, a decline in glomerular filtration rate from any cause is associated with increased serum uric acid concentrations (33) . As expected, reduced eGFR was associated with a higher incidence of hyperuricemia in our study, and this association was observed throughout the whole range of glomerular filtration rates. Our study population was predominantly young and had a low prevalence of kidney dysfunction. Since Abbreviations: CI, confidence interval; HOMA-IR, homeostasis model assessment of insulin resistance; HR, hazard ratio; Q, quartile. a Adjusted for age, alcohol intake, body mass index, gamma-glutamyltransferase, fatty liver, and all other variables in the table except low density lipoprotein cholesterol, HOMA-IR, and metabolic syndrome. The results for low density lipoprotein cholesterol were adjusted for the same set of variables, except total cholesterol. The results for HOMA-IR were obtained within nondiabetics and were adjusted for the same set of variables, except fasting glucose. The results for metabolic syndrome were adjusted for age, alcohol intake, and exercise only.
creatinine-based formulae for estimating glomerular filtration rate are less accurate in people with normal renal function, our analyses may underestimate the role of kidney function in predicting hyperuricemia.
Our study also provides novel prospective data on the association of hsCRP, GGT, and fatty liver with hyperuricemia. While these associations have been observed in cross-sectional studies (34) (35) (36) , no prospective studies have examined these associations before, to our knowledge. An increased serum GGT concentration is conventionally interpreted as a marker of alcohol abuse or clinical liver disease (37) . Recently, serum GGT has also been proposed as a marker of oxidative stress (38) , and higher uric acid levels in subjects with increased GGT levels may be a compensatory response to increased oxidative stress (39) . Similarly, whether serum uric acid is a marker of a proinflammatory state or causes inflammation per se remains uncertain, although in our data, increased hsCRP levels were associated with the future incidence of hyperuricemia. Indeed, inflammatory cytokines may increase uric acid production by increasing xanthine oxidase activity (40) . Finally, fatty liver was also associated with increased incidence of hyperuricemia, although the mechanisms underlying this association are unclear. Further study on the role of fatty liver in the development of hyperuricemia is needed.
Several limitations need to be considered when interpreting our findings. First, we did not have information on some important determinants of serum uric acid levels, including dietary habits. Dietary factors that contribute to hyperuricemia include the consumption of purine-rich foods, such as red meat or seafood (41) , and fructose, which accelerates the catabolism of adenine nucleotides (42) . In addition, information on medication use in study participants was limited. Data on dietary habits and medication use should be included in future studies that characterize hyperuricemia onset. Second, we excluded 10.6% of study participants who did not have any follow-up data. Participants without follow-up data were more likely to be alcohol drinkers and to have diabetes at baseline than participants included in the analytic cohort. Since diabetes and alcohol intake have opposite associations with incident hyperuricemia, the overall impact of these exclusions on the estimated incidence of hyperuricemia is likely to have been small. Finally, our study population was comprised of healthy, Abbreviations: CI, confidence interval; HR, hazard ratio; Q, quartile. a Adjusted for age, alcohol intake, body mass index, blood pressure, fasting glucose, high-sensitivity C-reactive protein, estimated glomerular filtration rate, triglycerides, total cholesterol, high density lipoprotein cholesterol, and all other variables in the table.
middle-aged South Korean males, which may limit the generalization of the findings to non-Korean populations and/or females.
In conclusion, we observed a very high incidence of hyperuricemia among apparently healthy male workers in South Korea. Among a variety of candidate risk predictors, adiposityrelated factors, alcohol intake, blood pressure, low eGFR, elevated hsCRP, elevated GGT, and fatty liver were all independent risk factors for asymptomatic hyperuricemia. The impact of adiposity-related factors is of particular concern, since they are both highly prevalent and strongly associated with incident hyperuricemia. Furthermore, decreasing levels of serum uric acid in overweight or obese subjects may point to an impending risk of diabetes. As a consequence, serum uric acid levels may be added to the list of factors to monitor in overweight or obese participants, and this is an additional reason to achieve and maintain a healthy body weight and control of cardiometabolic risk factors. . Dose-response models were fitted using quadratic splines with knots at the 5th, 50th, and 95th percentiles of the distribution of each determinant in Cox proportional hazards models. The plots for glucose and homeostasis model assessment of insulin resistance (HOMA-IR) show data for nondiabetics only. All models in the figure, except that for HOMA-IR, included adjustment for age, body mass index (weight (kg)/height (m) 2 ), alcohol intake, blood pressure, fasting glucose, estimated glomerular filtration rate (eGFR), high-sensitivity C-reactive protein (hsCRP), total cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides, gamma-glutamyltransferase (GGT), and fatty liver. The model for HOMA-IR was adjusted for the same set of variables, except fasting glucose. Dashed lines, 95% confidence interval. (ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDL, low density lipoprotein).
